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Abstract 
 
The energy efficient renovation of the Solitude-Gymnasium in Stuttgart is one of the 4 demonstration buildings within the EU 
7FP project “School of the Future”. The secondary school with about 710 pupils consists of a typical configuration with a main 
building, a building of scientific classes, a big pavilion, a small pavilion and a gym, built between 1966 and 1975. The main 
building and the gym include flats for the caretakers. The total heated floor area of the buildings amounts to 8,924 m². The 
exterior walls of the buildings are made of exposed concrete or brick. All buildings have flat concrete roofs that had no sufficient 
insulation before the retrofit. Most windows consisted of PVC-frames and double-glazing, but in some corridors and stairways 
single-glazed facades existed. The heating was generated centrally for all 4 buildings by two gas boilers that replaced an earlier 
system in 2004. Domestic hot water for the gym is generated by a heat exchanger based on the heating water. Ventilation systems 
without heat recovery existed for some indoor rooms, some rooms in the building of scientific classes and the gym. 
All 4 demonstration buildings in the School of the Future project have the same goals: 
x Reduction of the total energy use > factor 3, verified through monitoring 
x Reduction of the heating energy use > 75 %, verified through monitoring 
x Improvement of the indoor environment quality (air, daylight, acoustic, thermal comfort) with impact on the pupils’ 
performance, analysed by short-term measurements and questionnaires 
The building envelope renovation measures at the school in Stuttgart included external thermal insulation systems and curtain 
wall facades with 14-18 cm polystyrene insulation, 16-22 cm of expanded polystyrene on the roofs and mostly triple-glazed 
windows. The new heating system is a co-generation plant in combination with the existing boilers. The ventilation of the 
classrooms is now realised by decentralised ventilation units with 80% heat recovery (main building) or by hybrid ventilation 
consisting of window opening supported by actuators at the upper part of the windows that are controlled by timers and manually 
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by the teachers. CO2 visualisation systems show the teacher when window opening is necessary. The existing ventilation system 
in the building of scientific classes are improved by central heat recoveries of 80% - 90% efficiency. Also the lighting system 
was updated by T5 compact fluorescent lamps, electronic ballasts, daylight control and presence detectors. A one-year 
monitoring period will show whether the energy performance goals (reduction of final energy from 225 to 58 kWh/m²yr and 
primary energy from 215 to 54 kWh/m²yr) and the indoor comfort goals can be achieved. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
The Solitude-Gymnasium is a secondary school located in the northwestern outskirts of Stuttgart. The entire school 
had to be renovated because of structural damages at the buildings. Since the energy consumption of the building 
was very high in comparison to other schools of Stuttgart an energy retrofit was planned. By means of the financial 
support of the European Commission within the project “School of the Future – Towards zero emission with high 
performance indoor environment” the total school will be improved in order to decline the energy consumption 
crucially. 
The objective of the project for the demonstration partner City of Stuttgart is to reduce the total energy consumption 
of the Solitude-Gymnasium by the factor 3 and the heat consumption by 75 %. Besides the indoor environmental 
quality within the class rooms will be improved. 
 
2. The school before the renovation 
 
The exterior walls are made of exposed concrete. Some wall areas have primary walling made of brick, other 
areas have a concrete weather shell (interspace filled with 8 centimeters of insulation). Most of the windows are 
uPVC-framed double glazed windows (unplasticised Polyvinylchloride). In some parts of the buildings there are still 
some windows of single glazing (corridor and stairways). All buildings have flat roofs made of concrete partly covered 
with gravels. The roofs of the main building and of the gym have also some dome lights. Some parts of the roofs of 
the buildings are not sufficiently insulated. Also the ground floor and basement ceilings are not insulated properly. 
To get accurate information about the actual U-values of the building envelope, small sections of the different 
components were opened. This and data from national standards led to the following values (see Table 1). 
 
Table 1: U-values of the building envelope before the renovation 
 
Component U-value [W/m²K] Building 
Concrete pillars and beams 3.65 All 
Face brick walls 3.15 Big pavilion, building of scientific classes 
Walls with concrete weather shell 0.44 Big pavilion, main building, gym 
Roof 0.67 – 0.96 All 
Ground floor 1.50 All 
Single glazed windows 5.80 Building of scientific classes, main building 
Double glazed windows 3.10 All 
 
The heating system of the school is located in the main building and consists of a boiler room with two gas 
boilers and gas burners, installed in 2004 (brand: Buderus Logano/Weishaupt). The boiler room supplies the main 
building, the building of scientific classes, the big pavilion and the gym with heating for space heating. Appropriate 
pipes are installed in the main distributing system of the boiler room. Space heating is controlled by different 
heating equipment separated by the orientation and of buildings. Hot water pipes are shifted in the ground of the 
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schoolyard from the main building to the gym. 
 
 
 
 
Fig. 1. The Solitude-Gymnasium with its five buildings before the renovation 
 
There are two secondary contributing stations in the school: One in the building of scientific classes and the 
other in the gym. From these stations the space heating is allocated. The demand of space heating in the small 
pavilion is covered by a small gas boiler built in 1989 (brand Vaillant). The thermal transfer in the gym is carried 
out by the ventilation system for the hall and by several radiators in the toilet and locker rooms. The domestic hot 
water (DHW) for the sanitary facilities (e.g. showers) in the gym is done indirectly by heat exchanger over the 
distributing station. In the distributing station of the gym there is an electrical hot water storage tank to supply the 
caretaker’s flat with hot water. The domestic hot water in the main building is done by small under-sink electrical 
heat boilers. The boilers of the main building are in good condition and will be kept. The separate boiler in the small 
pavilion is rather old and has to be replaced, but because the further use of the small pavilion is not clear so far the 
retrofit of the small pavilion is postponed. The heat distribution system and the domestic hot water system are 
intended to be renewed: exchange of heating pumps and build up new heating groups corresponding to the occupancy 
and orientation. 
There are some ventilation systems especially for indoor rooms within the main building, for some rooms in the 
building of scientific classes and also for the gym (hall: about 32,000 m³/h incoming air volume). All ventilation 
systems are conditioned by water based heating coils and are not equipped with any heat recovery units. The 
mechanical ventilation in the gym is controlled centrally by a switch located at the housekeeper’s office. 
In most areas T8 compact fluorescent lamps (CFL) are installed. Newer T5 CFL’s only exist in the gym. The 
installed power is reduced to the required minimum of the national standards by simply taking out unnecessary 
lamps. No controls are installed, except for the outdoor lights in the entrance area which are switched on at dusk and 
switched off at 11 pm. 
By generating the consumption data the influence of the climate was eliminated. In 2011 the school required 
about 895,123 kWh heat for room and hot water heating and 66,040 Euro. The specific heat consumption is about 
126.6 kWh/m²a and is 22% more than the average amount of the schools in Stuttgart. The electricity consumption in 
2011 was 234,091 kWh (26 kWh/m²a) and 42,230 Euro. 
 
3. The renovation design and realisation 
 
It was analyzed that the use of a cogeneration plant (CHP) is economical. The combination of the CHP and the 
two existing boilers saves about 10,000 Euro energy costs per year compared to the existing heating system. The 
plant (capacity: 15 kWel, 30 kWth) will cover the heat demand for room heating and hot water for the school area, 
but without the small pavilion. The small pavilion is supplied separately. The plant also supplies heat for the 
caretakers’ flats and is designed for approximately 4,000 hours per year. The existing gas boilers are in good 
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condition and will be kept to cover the peak load and for redundancy. 
 
 
 
 
Fig. 2. CHP unit and two boilers (left) and the renovated main building (right) 
 
The cogeneration plant will operate by demand. The new heating system combines of the cogeneration plant, the 
gas boilers and heat storage. The produced electricity will mainly be used on site; excessive electricity will be sold 
and fed to the grids. The hydraulic system is optimized, i.e. at the substations of the heating system the heating 
pumps without speed-controlled are exchanged and sliders are exchanged for valves in general. The electric boiler at 
the caretaker’s flat in the gym will be removed. DHW will be provided by the gym’s storage tank. The operating 
hours of the heat exchanger will be analyzed and reduced to an optimal minimum. 
On the roof of the main building a photovoltaic system was mounted. It consists of 30 modules which are 
orientated east-west with a tilt angle of 10 degrees. Each module has a power of 250 kWp. The total power of the 
system is 7.5 kWp. Due to static restrictions the useable roof area was limited to a stripe directly above a row of 
columns. 
In general, the City of Stuttgart tries to avoid any kind of mechanical ventilation systems in their school 
buildings. However, when accurate indoor environment conditions cannot be guaranteed with natural ventilation, the 
most energy efficient ventilation systems are chosen. In the main building, no cross air flow is possible. Natural 
ventilation was found to be insufficient. In the auditorium a central unit was installed (6,700 m³/h, heat recovery 
>90%, temperature- and CO2-controlled, 5.6 kW). The indoor bathrooms are supplied by a central unit (3,600 m³/h, 
heat recovery >70%, time-controlled, 3.3 kW), the bathrooms by simple duct fans, (700 m³/h, exhaust air only, time- 
controlled, 0.15 kW). Ventilation in classrooms and indoor rooms was realized with decentralized ventilation units 
(680 m³/h, heat recovery >80%, CO2-controlled, 0.13 kW). In the building of scientific classes a heat recovery unit 
(>90%) was added to the existing ventilation system. This unit had to be placed onto the roof. Additional ventilation 
ducts were necessary to connect the heat recovery unit with supply and exhaust air. Due to the critical static of the 
roof all the installations onto the roof had to be placed over load-bearing walls. The hybrid ventilation system is 
time- and CO2-controlled. In the big pavilion a hybrid ventilation system was implemented. The natural ventilation 
system works by the aid of actuators which open the upper part of the windows at dead time of lessons. Actuators 
are controlled by timer. Additionally, the actuators can be controlled manually by the teacher. Due to the possibility 
of cross air flow no mechanical ventilation system is needed. The lower part of the windows can be opened manually. 
In the gym the retrofit of the ventilation system, which is also used for heating, was not possible. There is a lack 
of enough room space between roof and intermediate ceiling of the hall. There are four inspection chambers to 
control the ventilation system by now. The accession to the ventilation system in the hall is in about 3 to 4 meter 
height and is done by the aid of a shift boss. Also, the static of the gym roof is maxed out; no further weight can be 
afforded. For these reasons there is no possibility to add any heat recovery equipment to the ventilation system. The 
ventilation system operates with recirculating air and the amount of outdoor air is planned to be CO2-controlled. 
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Fig. 3. Photovoltaic system on the roof of the main building (left) and the renovated big pavilion (right) 
 
In the course of the refurbishment of the facades (U-values see Table 2), the indoor sides of the walls were 
painted. To maintain good visual condition a minimum of reflection factors are required: 0.8 for ceiling, 0.5 for 
walls and 0.3 for floors. In the main building a comprehensive electrical renovation was planned, including the 
installation of daylight detection controls (staircases) and presence detectors. Old T8 compact fluorescent lamps 
(CFL) were replaced by T5 CFL’s. Conventional ballasts were replaced by electronic ballasts. 
 
Table 2: Overview of the new U-values. 
 
Building Component U-value [W/m²K] Technology 
Big pavilion Walls 0.23 ETICS/curtain wall facade (14 cm of PS/MW) 
 Main roof 0.19 16 cm of expanded polystyrene (EPS) 
 Middle roof 0.20 14 cm of EPS 
 Windows north 0.90 Triple-glazed 
 Windows south 1.30 Double-glazed 
 Glazed façade hallway 1.20 Double-glazed 
Building of 
scientific classes 
Walls 0.18 ETICS/curtain wall facade (18 cm of PS) 
Roof 0.15 22 cm of EPS 
 Dome lights 1.10  
 Windows 0.90 Triple-glazed 
 Glazed façade 0.70 glazing 
1.20 frames 
0.30 panels 
Triple-glazed 
Main building Walls 0.18 ETICS/curtain wall facade (18 cm of PS) 
 Roof 0.17 19 cm of EPS 
 Windows 0.90 Triple-glazed 
Gym Walls 0.18 18 cm of mineral wool (MW) 
 Roof 0.20 17.5 cm EPS 
 Windows 0.90 Triple-glazed 
 
In order to check if the selected energy measures are sufficient to ensure to reach the project targets, several 
calculations were performed. With the national assessment method (DIN V 18599) the actual buildings were 
reproduced and a model picturing the school after the retrofit was created (see Table 3). The project targets will be 
reached most probably. The bonus of the CHP is included in the calculated electrical energy use after the renovation. 
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Table 3:    Final energy figures of the Solitude-Gymnasium. 
 
Final heating energy use Actual performance 213.1 kWh/m²a 
 After renovation performance 53.1 kWh/m²a (75% savings) 
Final electrical energy use Actual performance 12.1 kWh/m²a 
 After renovation performance 4.6 kWh/m²a (62% savings) 
Total final energy use Actual performance 225.3 kWh/m²a 
 After renovation performance 57.8 kWh/m²a (74% savings) 
 
4. Monitoring 
 
The objectives of the project have to be verified through monitoring. The monitoring has to include a full year. 
Before the retrofit, main meters were installed for the whole school (not per building) to measure gas, electricity and 
water consumption on a daily basis. The school is monitored via Stuttgart’s Energy Control System (SEKS), meaning 
the consumption data is sent daily to the Department for Energy Management. 
 
4.1. Indoor environment 
 
The occupant survey on the indoor comfort before the retrofit was done in spring 2012. The answers are based 
on annual experiences with the building. The main results are: The building is too warm in summer and too cold in 
winter; the air is experienced as clearly used. All in all the building is however just acceptable. A comparison with 
the situation after the retrofit will be made in autumn 2015. Temperature, humidity and CO2-sensors will be installed 
in about 2-3 selected rooms of each building. Some visualization systems for indoor air quality (comfort-o-meter by 
Exhausto) are planned to be installed in some class rooms. 
 
4.2. Energy performance 
 
Meters for the operating hours of electrical lighting and components of the heating system etc. were installed. 
The consumption of heat, electricity and water per building is monitored. Extra meters were installed in the two 
caretaker’s flats. The monitoring technology is based on electronic bus communication technology and will be used 
after the monitoring period of the long-term control system of the city of Stuttgart (SEKS). 
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